The kinetics of the reaction between malachite green (MG) and sodium hydroxide (MG fading) was studied using a spectrophotometric method in the presence of two cationic surfactants, cetyl-benzyl-dimethyl-ammonium chloride (CBDAC) and hexadecyl-trimethylammonium bromide (HTAB) and one anionic surfactant, sodium dodecyl sulphate (SDS) at concentrations below and above critical micellar concentrations. The cationic surfactants have a catalytic effect, while the anionic surfactant has an inhibitory effect on the reaction. A kinetic model describing the influence of surfactant on reaction rate was developed. The results are discussed on the basis of electrostatic and hydrophobic interactions between the kinetic micelles and malachite green.
Introduction
The reaction rate between ions is significantly changed by addition of surfactants. This variation can be attributed to the specific interactions between the surfactant molecules and the reactant particles. If only the electrostatic interactions are considered [1] , it can be presumed that the cationic surfactants stabilize the anionic particles, the anionic surfactants stabilize the cationic particles, while nonionic surfactants have no important effects in the stabilization of charged particles. Sometimes the hydrophobic interactions are much stronger than the electrostatic ones [2] , so the surfactants can modify specifically the reaction rate through the formation of aggregates: micelles and pseudomicelles or kinetic micelles. Micelles can change the reaction rate in several ways [3, 4] : decreasing the reactant's entropy due to their binding on the micelle, relative stabilization or destabilization of reactants due to preferential interactions between them and surfactants and promoting the approach of reactants inside the micelle. Even at submicellar concentrations, the reaction rate is affected, due to the formation of the so-called "kinetic micelles" -subaggregates formed between reactants and surfactant through specific interactions. Micellar catalysis has been studied for different organic reactions [3] , especially the hydrolysis of esters [5] , Schiff bases, carbocationic dyes [6, 7] , hydrolysis of cephanone [8] , some oxidations [9, 10] and enzyme kinetics of peroxidases and lipases [11, 12] . The catalytic effects of surfactants are qualitatively understood, compartmentalization and medium effects being major features of catalysis [13] .
Malachite green (di[4-dimethylamino-phenyl]phenyl cation) is a synthetic dye used in textile industry to colour silk, wool, leather, cotton and paper. Malachite green is also an effective topical fungicide used in the aquaculture industry [14] . Due to the suspected mutagenity of malachite green, its use as aquaculture veterinary drug is restricted in many countries, including the United States, Canada and European Union. It is still used in textile industry that generates substantial quantities of wastewater containing large amounts of dissolved dyestuffs and other products, such as dispersing agents, salts, emulsifiers, levelling agents and heavy metals [15] . Removal of dyes from effluents in an economic fashion is a major problem for textile industries. Since these wastewaters contain substances that modify the medium, a study of dyes fading in the presence of surfactants, which are already present in such waters, can contribute to the development of new decontaminating procedures.
The reaction of malachite green with hydroxide ions in surfactant media follows a first order kinetics in excess of HO -. The reaction is catalyzed by cationic surfactants [16, 17] and inhibited by anionic ones [16, 18] . Although this reaction was the subject of numerous studies, only a few approaches were made at surfactant concentrations up to critical micellar concentration (cmc). In this paper the kinetics of the reaction of alkaline hydrolysis of malachite green (MG) was studied in the presence of two cationic surfactants (cetyl-benzyl-dimethyl-ammonium chloride-CBDAC and hexadecyl-trimethyl-ammonium bromide -HTAB) and one anionic surfactant (sodium dodecyl sulphate -SDS) at concentrations below and above cmc to discern the reactant -surfactant specific interactions in both conventional and kinetic micelles. A kinetic model describing the influence of surfactant, at both submicellar and micellar concentrations, on the reaction rate was developed. The results are discussed on the basis of electrostatic and hydrophobic interactions between the kinetic micelles and malachite green.
Experimental part
The fading of malachite green was followed photometrically at λ = 630 nm using a Pye-Unicam spectrophotometer until no change of absorbance was observed. The initial concentration of malachite green was [MG] = 1.54 × 10 -4 M and of sodium hydroxide [HO -] = 1.07 × 10 -3 M. Several kinetic measurements were made at different concentrations of surfactants (CBDAC, HTAB and SDS). CBDAC, which has cmc = 0.66 × 10 -2 M was used in concentrations between 0 and 0.02 M; HTAB with cmc = 1 × 10 -3 M was used at concentrations between 0 and 2.7 × 10 -3 M and SDS with cmc = 0.08 M was used in concentrations between 0 and 0.007 M. The ionic strength of the medium was kept constant by adding potassium nitrate. Since the hydroxide is in excess in all data sets, the reaction is of pseudo first order and the integral kinetic equation is:
(1) where A t and A 0 are the absorbances at the time t, and 0 respectively, k is the pseudo first order rate constant and t is the time (seconds). The kinetic constants k were estimated fitting equation (1) 
Results and discussion
The integral kinetic curves absorbance vs. time for different concentrations of surfactants are presented in Fig. 1-3 .
The pseudo first order constants k 1 were estimated by nonlinear regression; for all data sets the correlation coefficient was greater than 0.995, indicating that the reaction obeys the first order kinetics. The values of k 1 increase with the concentration of cationic surfactants and decrease for anionic surfactant. The variation of the kinetic parameters with the surfactant concentration can be rationalized using some previously reported literature models. The pseudophase ion-exchange model [18, 19] is applied most widely in 
The catalytic effect of surfactants at submicellar concentrations is a well known phenomenon and experimental results are in accord with many available literature data [4, 19, 21] . Small aggregates of the surfactant (dimers, trimers, and tetramers) exist below the cmc; these small submicellar aggregates can interact physically with the reactants, forming kinetic micelles which are catalytically active entities. Due to the positive cooperativity K n-1 > .... > K 2 > K 1 , only one global step for the formation of the kinetic micelle can be considered. The reaction occurs both in solution and in kinetic micelle, according to the following mechanism (3): (3) where: K is the dissociation constant of the kinetic micelle D n MG, k M is the rate constant in micellar phase and k 0 is the rate constant in solution. This model was applied with good results for surfactants concentrations below and above cmc. The kinetic equation corresponding to this model is:
In order to calculate k M , n and K, the nonlinear least squares method was used. The results are shown in Fig. 4 and the best-fit values on equation (4) are given in Table 1 . For all data, the residuals are smaller than 10% and randomly distributed, indicating that the model (3) adequately describes the influence of surfactants on the MG fading. For cationic surfactants the curves k = f([surfactant]) are sigmoid; the values of n (1.57 for CBDAC and 4.03 for HTAB) are quite small, indicating formation of kinetic micelles through specific interactions. The values for dissociations constants indicate a strong association, with the ion strongly incorporated into the kinetic micelle, which explains the catalytic effect of these surfactants. The difference between the catalytic activity of CBDAC and HTAB can be accounted for qualitatively, adopting the Bunton model [22] . The reaction rate increases as HO -ions bind stronger with the surfactant and displace the bromine ions from the double charged layer. The global kinetic constant depends on the repartition of HO -ions between the micelle and bulk solution. The weaker catalytic effect of CBDAC as compared with HTAB can be explained by the small number of chlorine ions in the Stern layer, the stronger positive charge of CBDAC micelle and the unfavorable hydrophobic interaction between malachite green and surfactant due to the presence of the benzyl radical.
The malachite green is very well incorporated into the anionic micelles and less in the cationic micelles [22] . In the presence of SDS, the malachite green loses its carbocationic character due to the incorporation into the anionic micelle; the total charge of the micelle is negative, so the approaching of HO -ion is restrained (4) 
due to the repulsive electrostatic interaction. The final result is the inhibiting effect (Fig. 4) of SDS on the reaction between malachite green and HO -. In the case of cationic surfactants, despite the unfavorable electrostatic effects, the micelles of CBDAC and HTAB allow the approaching of HO -ions therefore increasing the reaction rate.
Since the reactant encounter is controlled by both energetic and entropic factors, the effect of surfactants on the reaction between malachite green and HO -can be consequently rationalized in terms of the activation free energy, directly related to the rate constant. The most important factor in the activation free energy is the interaction between malachite green and surfactant molecules; for cationic surfactants the activation free energy is smaller due to the specific hydrophobic interactions between positive charged species, while for anionic surfactants the activation free energy is greater due to the electrostatic repulsive interactions between the anionic micelle and hydroxide ion.
Conclusions
The reaction between malachite green and sodium hydroxide was studied in the presence of cationic and anionic surfactants at concentrations below and above cmc. From integral kinetic curves and the corresponding kinetic constants, the catalytic effect of cationic surfactants and inhibitory effect of anionic surfactant were observed. Based on a model which explains the enhanced modulating effects of surfactants on reaction rates, the dissociation constants of pseudomicelles and the number of surfactant molecules in the kinetic micelles were estimated by a method of nonlinear regression.
The catalytic effect of cationic surfactants can be explained by the hydrophobic interactions between surfactant and malachite green, interactions which overcome the unfavorable electrostatic interactions.
Since the malachite green fading is catalyzed by small concentrations of cationic surfactants, this reaction can be successfully used for MG removal from wastewaters. Table 1 . Kinetic parameters of equation (4) .
